ABSTRACT The sperm quality index (SQI) is a tool used to predict overall rooster semen quality, fertility, and hatchability. However, semen must be diluted before SQI analysis, and research has shown that the SQI is most predictive of fertility at lower semen dilutions. Therefore, the present study was undertaken to determine why the SQI is not as predictive of fertility at higher semen dilutions and whether semen diluent type alters the SQI, adenosine triphosphate (ATP) utilization, gas exchange, and ionic balance of broiler breeder sperm. Semen was diluted with saline, seminal plasma, or minimum essential medium (MEM) from 2-to 200-fold. The following parameters were measured for each diluent type at each dilution: SQI, ATP, Na To examine the rate of sperm motility, the SQI was expressed as SQI/million sperm per mL (SQI/sperm). There was an interaction between diluent type and dilution for the SQI, SQI/sperm, CO 2 generated, O 2 used, as well as Na + ,
INTRODUCTION
The sperm quality index (SQI) provides an overall estimate of rooster (McDaniel et al., 1998) and turkey (Neuman et al., 2002) semen quality. The SQI increases as the disruptions of a light path created by sperm movement increase within an SQI capillary. However, avian semen must be diluted before SQI analysis, because there is little to no gross movement of spermatozoa within the small SQI capillary when rooster semen is in an undiluted state. Because of the high sperm concentration in undiluted rooster semen, the light path is blocked, resulting in no deflections, , and K + internalization. For sperm diluted with saline, the SQI declined more rapidly with increasing dilution. However, SQI/sperm increased rapidly when semen was diluted with MEM or SP. Sperm diluted in SP used ATP with increasing dilution whereas sperm diluted with saline and MEM generated ATP. Neat semen contained no free O 2 ; however, each diluent type contained abundant O 2 resulting in more O 2 available as semen was diluted. Sperm diluted in SP produced more CO 2 and used more O 2 than semen diluted in saline or MEM. For SQI/sperm, ATP and CO 2 generated, as well as Na + and Ca 2+ internalization, differences between diluent types occurred when semen was diluted 50-fold and greater.
In conclusion, it appears that sperm motility, ATP utilization, gas exchange, and ionic balance are altered by diluent type and rate of dilution. These alterations in semen quality are exacerbated at semen dilutions of 50-fold and greater yielding an SQI that is not indicative of sperm motility or fertility. and extremely low SQI readings (McDaniel et al., 1998) . The SQI increases with gross sperm movement such as an increase in the number of motile sperm or their rate of movement (Iguer-Ouada and Verstegen, 2001) . McDaniel et al. (1998) reported that the SQI is influenced by broiler breeder sperm concentration, viability, and motility. When semen is diluted 10-fold with 0.85% saline, the SQI is also a useful method for predicting the fertilizing potential of individual broiler breeder males as well as improving hatchability in broiler breeders (Parker et al., 2000 . In fact, semen dilution as low as 8-fold provides an SQI that is very predictive of broiler breeder semen quality and fertility (Parker and McDaniel, 2004) . However, excessive semen dilution immediately before SQI analysis decreases the ability of the SQI to predict fertility. The SQI from semen diluted more than 10-fold is not as predictive of fertility as that generated from lower semen dilution rates (Parker and McDaniel, 2003) . This decrease in predictability of the SQI from semen diluted at higher vs. lower dilution rates could be attributed to a "dilution effect" which is defined as the alteration of sperm motility due to dilution (Mann, 1964) . According to Sexton (1979) , semen diluted more than 10-fold is excessively diluted and may exhibit traits of the dilution effect; however, he noted that the physiology of this dilution effect is not well understood.
Several factors have been shown to affect sperm motility following dilution. For example, Sexton (1976) reported that when turkey semen is diluted up to 12-fold, respiration increases. Research has also shown that avian sperm motility is dependent on oxygen concentration (Nevo, 1965) as well as ion concentrations such as Ca 2+ (Thomson and Wishart, 1991) . Wishart (1984) reported a linear relationship between adenosine triphosphate (ATP) concentration and avian sperm motility. Moreover, semen viscosity is known to influence sperm motility (Amann and Hammerstedt, 1980) . Because so many factors affect sperm motility, it is possible that the type of semen diluent also influences the SQI. For example, it has been reported that diluting semen with physiological saline hyperactivates sperm, and at high dilution rates, exhaustion of spermatozoa occurs (Emmons and Blackshaw, 1956) . It is not known if this exhaustion occurs immediately after dilution. Because saline hyperactivates sperm and exhaustion occurs, it is possible that saline alters the SQI. It is also possible that the effects of saline are exacerbated with increasing dilution, resulting in an SQI that is not indicative of a male's true fertilizing potential when semen is diluted more than 10-fold before SQI analysis. Therefore, this study had 2 objectives. The first objective was to determine if semen diluent type alters the SQI, ATP use, gas exchange, and ionic balance of broiler breeder sperm immediately after dilution. The second objective was to examine how rate of semen dilution alters sperm motility by measuring ion concentrations, pH, ATP content, and seminal gases implicated in sperm motility immediately after semen dilution.
MATERIALS AND METHODS

Housing and Environment
Seventy Ross broiler breeder males, 64 wk of age, were obtained from a local integrator. Males were housed in individual cages and maintained using conventional environmental controls. Males were fed a standard breeder diet (3,080 kcal of ME/kg, 13.9% CP, and 1% Ca) and were feed restricted according to the primary breeder's recommendations. All males received 16 h of light daily throughout the experiment and were treated in accordance with the Guide for Care and Use of Agricultural Animals in Agricultural Research and Teaching.
Semen Treatment Preparation and Evaluation
Every other day for 1 wk (3 d total), ejaculates were collected using the method of Burrows and Quinn (1937) . On each of the 3 d, semen was pooled by diluent type. The treatment diluent types used for this trial were 0.85% saline, seminal plasma, and minimum essential medium (MEM; Howarth, 1981) . Before the beginning of this trial, the males were divided into 3 groups. For each of the 3 d of semen testing, semen was pooled by diluent type so that each group of males was subjected to each diluent type. Immediately before analysis, fresh semen was collected for each diluent type. For the treatment that required seminal plasma (SP), a small aliquot of the semen pool was retained for subsequent dilution and evaluation. The remaining semen pool was centrifuged at 16,000 × g for 10 min to obtain the plasma needed for semen dilution. Therefore, the SP used for dilution was from the original semen pool and not foreign. Each diluent-type group was tested randomly each day using the following dilutions: 0-(undiluted), 2-, 4-, 8-, 10-, 12-, 25-, 50-, 75-, 100-, 150-, and 200-fold . Using 2 MicroReader (IMV International, Maple Grove, MN) measurements, sperm concentration for each treatment's semen pool was determined. One SQI measurement per dilution was obtained for each diluent type using a sperm quality analyzer (Medical Electronic Systems Ltd., Migdal Haemek, Israel). The SQI is influenced by both the number of sperm moving in a sample and the rate of individual sperm movement. Therefore, to negate the effects of sperm concentration and examine only the rate of sperm movement, rate of sperm motility for each diluted sample was calculated as the SQI divided by total sperm concentration for each dilution and reported as SQI per million sperm per milliliter. Two aliquots per dilution for each diluent type was used to determine ATP content, using a modified technique of Gottlieb et al. (1987) (Wishart, 1984) . All semen measurements were obtained 1 min after dilution.
For each dilution, the proportion of each gas and ion that was available from the diluent type and undiluted semen sample at the time of dilution was calculated. By calculating the proportion of each gas and ion that was available from the diluent type and undiluted semen for each diluted sample, use, generation, and internalization of the respective gases and ions were calculated. This calculation was made by subtracting the initial concentration available at the moment of dilution for each gas and ion from the actual concentration present and measured for each sample immediately after dilution. If the result of this calculation was positive for a gas, then the gas was considered generated; if the result was negative, then the gas was considered used. For ions, if the result was positive, the ion was considered externalized; if the result was negative, the ion was considered internalized. This calculation was done for each gas and ion measured as well as ATP, and the results were reported as O 2 used (nmol)/billion sperm, CO 2 generated (mol)/billion sperm, and ion internalized (mol)/billion sperm as well as ATP generated (nmol)/billion sperm. 
Statistical Analyses
Data were analyzed as a randomized complete block with each day representing a block. Treatments were arranged in a 3 (diluent type) × 12 (dilution rate) factorial. Fisher's protected LSD was used to separate main effect and interaction means. For each diluent type, regression analysis was used to determine the relationship of SQI, SQI/million sperm/mL, ATP generated/billion sperm, O 2 used/billion sperm, CO 2 generated/billion sperm, as well as Ca 2+ , Na + , K + , and Cl − internalized/billion sperm with the rate of semen dilution (Steel and Torrie, 1980) .
RESULTS
The average concentration of the neat semen samples was 6.7 × 10 9 sperm/mL. The composition of undiluted semen and each diluent type before semen dilution is presented in Table 1 . No free O 2 was detected in undiluted semen. However, SP used for diluent purposes absorbed atmospheric O 2 when sperm were removed at centrifugation. The ionic concentration for undiluted semen was similar to that of SP. The main effect of diluent type revealed that the pH of saline was significantly lower than that of SP and MEM (P < 0.0086). The O 2 , Na + , and Cl − concentrations were significantly higher for saline and MEM compared with SP (P < 0.0021, 0.01, and 0.0003, respectively). The CO 2 and K + content of SP were significantly higher than those of MEM or saline, with MEM being higher than saline (P < 0.0001 and 0.0001, respectively). The concentration of Ca 2+ was significantly higher in MEM compared with SP and saline, and SP had more Ca 2+ than saline (P < 0.0001).
The main effects of diluent type on the SQI, SQI/million sperm/mL, net ATP generated (nmol)/billion sperm, O 2 used (nmol)/billion sperm, CO 2 generated (mol)/billion sperm, and ion internalization are presented in Table 2 . When averaged over dilution rate, the SQI was higher for MEM compared with SP or saline, and the SQI obtained over dilution from semen diluted with SP was higher than that of semen diluted in saline (Table 2 ; P < 0.0001). Moreover, there was a linear decrease in the SQI with increasing dilution when diluting semen with SP ( Figure 1 ). However, the SQI from semen diluted with saline and MEM declined in a quadratic fashion over dilution with semen diluted with saline declining at a faster rate than semen diluted with MEM. At dilution rates of 12-fold and greater, the SQI from semen diluted with MEM was significantly higher than that of saline. Moreover, the SQI from semen diluted with SP at the 50-, 75-, 150-, and 200-fold dilutions was significantly higher than that of saline.
As shown in Table 2 , for semen diluted with either SP or MEM, the SQI/million sperm per mL was significantly higher than that of semen diluted with saline (P < 0.0001). Diluting semen with saline, SP, or MEM revealed quadratic increases in the SQI per million sperm/mL as dilution rate increased ( Figure 2 ). There was an interaction between diluent type and dilution for the SQI/million sperm per mL which revealed that diluent type influences rate of sperm movement when semen dilution is 50-fold or greater. Sperm motility from semen diluted with saline was significantly lower than that of semen diluted with MEM at dilution rates of 50-fold and greater. With the exception of the 100-fold dilution rate, diluting semen with saline revealed that sperm motility was also significantly lower than that of semen diluted in SP when dilution rates were 50-fold and greater. However, there were no differences in sperm motility for semen diluted with SP or MEM except for the 150-fold SQI dilution rate in which SP yielded better sperm motility than did MEM.
The net amount of ATP generated (nmol)/billion sperm was higher for semen diluted with saline compared with semen diluted with SP or MEM. Semen diluted with MEM produced more ATP than semen diluted with SP (Table  2 ; P < 0.0001). There was no relationship between diluent type and rate of dilution for semen diluted with saline or MEM. However, there was a rapid linear decline in the amount of ATP generated for semen diluted with SP such that the amount of ATP present per sperm after dilution was less than that present before dilution when semen was diluted more than 50-fold (Figure 3) .
The main effect of semen diluent type revealed that significantly more O 2 was used by semen diluted with SP compared with semen diluted with saline or MEM ( Table Table 2 . The main effect of diluent type on sperm motility, adenosine triphosphate (ATP) generated, gas utilization, and ionic balance 2; P < 0.0001). In addition, there was significantly more CO 2 generated for semen diluted with SP compared with semen diluted with MEM or saline, and semen diluted using MEM generated more CO 2 than semen diluted with saline (Table 2 ; P < 0.0001). Because undiluted semen contained no free O 2 and each diluent type contained abundant O 2 , there was a linear increase in the calculated amount of O 2 available as dilution rate increased (data not shown). Consequently, there was a linear increase in the actual measured amount of O 2 present as dilution increased (r 2 = 0.99) for each diluent. An interaction between diluent type and dilution rate existed for both O 2 used ( Figure 4a ) and CO 2 generated (Figure 4b ). Semen diluted with SP at the rates of 150-and 200-fold used significantly more O 2 than semen diluted with saline or MEM. Moreover, the rate of linear increase in O 2 use over dilution for semen diluted with SP was greater than that of semen diluted with MEM. Points within a dilution factor with different superscripts are significantly different (P < 0.0001). Lines labeled A and B have different slopes (P < 0.05). The quadratic slopes for saline (♦) and minimum essential medium (▲) are different (y = 0.01x 2 − 4.1x + 420, r 2 = 0.93, P < 0.0001 and y = 0.004x 2 − 2.1x + 433, r 2 = 0.97, P < 0.0001, respectively). There was a linear relationship with the SQI and semen diluted with seminal plasma () (y = −1.3x + 400, r 2 = 0.89, P < 0.0001).
There was a cubic response for the use of O 2 over dilution for semen diluted with saline. However, unlike O 2 , differences in CO 2 generation occurred when semen was diluted 50-fold and greater, with the CO 2 generated from semen diluted with SP being significantly higher than that from semen diluted with saline or MEM. Semen diluted with MEM produced more CO 2 than semen diluted with saline at dilutions greater than 75-fold. The linear rate of increase in CO 2 generated with dilution was greater for semen diluted with SP vs. semen diluted with saline or MEM, and semen diluted with MEM had a greater rate of increase in CO 2 generated with dilution than did semen diluted with saline. There were curvilinear and linear increases in the rate of sperm movement as the use of O 2 increased for semen diluted with SP (r = 0.95, P < 0.0001) and MEM (r = 0.95, P < 0.0001), respectively ( Figure 5 ). There was no correlation Points within a dilution factor with different superscripts are significantly different (P < 0.0001). There were no differences in quadratic slopes for saline (◆), seminal plasma (), and minimum essential medium (▲) (y = −0.0002x 2 + 0.04x + 0.18, r 2 = 0.74, P < 0.005; y = −0.0002x 2 + 0.06x + 0.04, r 2 = 0.97, P < 0.0001; and y = −0.0001x 2 + 0.05x + 0.14, r 2 = 0.99, P < 0.0001, respectively).
between the rate of sperm movement and O 2 use for semen diluted with saline. For semen diluted with SP, there was a correlation of ATP generated with O 2 used (r = 0.93, P < 0.0001; data not shown). However, there was no correlation for ATP generated with O 2 used when semen was diluted with MEM or saline. The main effect of semen diluent type revealed that there was significantly more Ca 2+ internalized for semen diluted with saline than SP or MEM (Table 2 ; P < 0.0001). Furthermore, there was an interaction between semen diluent type and semen dilution rate for the internalization of Ca 2+ (Figure 6a ). When semen was diluted at ≥50-fold, semen Points within a dilution factor with different superscripts are significantly different (P < 0.0001). There were no significant regression lines for saline (छ) or minimum essential medium (᭝). However, there was a linear relationship between ATP generated and rate of dilution for seminal plasma (ᮀ; y = −0.43x + 22, r 2 = 0.98, P < 0.0001).
diluted with saline internalized significantly more Ca 2+ than did semen diluted with SP or MEM. This increase in Ca 2+ internalization was linear for semen diluted with saline. However, for semen diluted with SP, Ca 2+ was actually externalized when semen was diluted more than 25-fold.
For the internalization of Na + , semen diluted with SP internalized significantly more Na + than did semen diluted with saline or MEM, and semen diluted with saline externalized more Na + than semen diluted with MEM (Table  2 ; P < 0.0001). There was an interaction between semen diluent type and semen dilution rate for the internalization of Na + (Figure 6b ). There were differences in the internal- Figure 4 . The relationship of diluent over dilution for saline (◆), seminal plasma (), and minimum essential medium (MEM, ▲); A) O 2 used per billion sperm/mL; and B) CO 2 generated per billion sperm/mL. Each point represents a dilution average for each diluent. These averages were obtained for each of 3 d of measurement for each diluent at each dilution.
a-c
Points within a dilution factor with different superscripts are significantly different (P < 0.0001). Lines labeled A and B have different intercepts and slopes (P < 0.01 and P < 0.006, respectively). For O 2 utilization, semen diluted with seminal plasma used O 2 at a more rapid rate than did semen diluted with MEM (y = 5x − 48, r 2 = 0.91, P < 0.0001 and y = 1x + 27, r 2 = 0.40, P < 0.04, respectively). There was a cubic response for the utilization of O 2 for semen diluted with saline (y = −0.0004x 3 + 0.13 x 2 − 8x + 96, r 2 = 0.91, P < 0.0005). The intercept and the slope for each diluent were different for CO 2 generated per billion sperm for saline, seminal plasma, and MEM (y = −0.0005x − 0.05, r 2 = 0.56, P < 0.008; y = 0.03x − 0.31, r 2 = 0.96, P < 0.0001; and y = 0.02x − 0.20, r 2 = 0.95, P < 0.0001, respectively).
ization of Na + when semen was diluted 50-fold and greater. Semen diluted with SP internalized Na + in a linear fashion whereas semen diluted with saline externalized Na + in a quadratic fashion. However, for MEM there was no effect seen due to dilution rate for the internalization of Na + . There were no diluent type effects on the internalization of K + or Cl − (Table 2) . However, the interaction of diluent type with dilution rate for the internalization of K + and Cl − are presented in Figure 7a and 7b, respectively. A linear increase in K + internalization was seen for sperm diluted with SP. However, for sperm diluted with MEM, there was a linear decrease in K + internalization due to dilution. For saline, a cubic relationship in K + internalization was noted with increasing dilution. Semen diluted with saline internalized K + whereas sperm diluted in MEM externalized K + when semen was diluted 100-fold and greater. The interaction of diluent type with dilution rate for Cl − internalization revealed no relationship over dilution rate for sperm diluted with saline. However, there was a negative quadratic response in Cl − internalization over dilution for sperm diluted with SP, and a positive linear response for sperm diluted in MEM. There was a significant relationship between sperm motility and O 2 utilization for semen diluted with seminal plasma () and minimum essential medium (MEM, ▲) (r = 0.95, P < 0.0001 and r = 0.95, P < 0.0001, respectively). There was no relationship between SQI per sperm and O 2 utilization for semen diluted with saline. Each point represents a dilution average for each diluent. These averages were obtained for each of 3 d of measurement for each diluent at each dilution.
DISCUSSION
As seen in the current trial and reported in previous trials, SQI declines with increasing dilution rate partially because there are fewer sperm to interact with the light path as dilution increases (McDaniel et al., 1998; Parker and McDaniel, 2003) . However, in the current trial, when the SQI was expressed relative to sperm concentration, this effect of decreasing sperm concentration with dilution was negated. Therefore, the SQI/million sperm per mL actually indicates the rate of sperm movement, and this study revealed that the rate of movement increased as dilution increased. This increase in the rate of sperm movement occurred immediately upon semen dilution. Emmons and Blackshaw (1956) reported that semen dilution changes the characteristics of spermatozoa in its undiluted state because dilution activates sperm, which can then lead to exhaustion of sperm at high dilution rates. Because the SQI, SQI/million sperm per mL, ATP, gas, and ion concentrations were measured within only 1 min of dilution, it is unlikely that the sperm reached the point of exhaustion.
There were differences in the SQI between diluent types over dilution rate in the current trial. Parker and McDaniel (2003) reported there were no differences in the SQI from semen diluted with saline vs. semen diluted with MEM when diluting semen up to 75-fold. However, Parker and McDaniel (2003) did find a numerical decrease in the SQI when semen was diluted 50-fold or more with saline compared with MEM. In the current trial, the SQI for semen diluted with saline was less than that for MEM at a rate of 12-fold and greater. Moreover, sperm diluted with MEM had a slower rate of decline in SQI over dilution compared with sperm diluted with saline. Research has shown that an alkaline pH increases sperm motility in chickens (Holm and Wishart, 1998) . The diluent type pH used in this study was more alkaline for MEM and SP than it was for saline.
As a result, at the higher semen dilution rates, the increase in pH due to MEM and SP could have resulted in the increased sperm motility.
Research has shown that the SQI is influenced by sperm concentration, viability, and motility collectively (McDaniel et al., 1998) . The SQI gives an overall estimate of gross sperm movement whereas the SQI/million sperm per mL can be used to estimate the rate of sperm movement because sperm concentration has been negated. In this trial, it appears that the rate of sperm movement is altered by diluent type as well as dilution when semen is diluted ≥50-fold. When semen is diluted with saline, it appears that sperm motility plateaus at dilutions of ≥50-fold. However, sperm motility increases with dilution when semen is diluted with SP or MEM. As reported by Mann (1964) , semen diluted with saline is subject to a loss of sperm motility, and this loss of motility could be linked to changes in hydrogen ion concentration. In the current study, because saline already had the lowest pH, the effects of a low pH would be intensified at the higher dilution rates. This might explain why sperm motility for sperm diluted with saline, at the higher dilutions, is much less than that of sperm diluted with SP or MEM. Other research has shown that an alkaline pH increases sperm velocity (Holm and Wishart, 1998 ). In the current trial, as mentioned previously for the SQI, SP and MEM were more alkaline than saline. Therefore, the increase in sperm motility for semen diluted with SP and MEM could be attributed to the diluent type pH.
Other factors affect the rate of spermatozoa movement. For example, research has shown a strong linear relationship between sperm motility and ATP concentration in chicken semen (Wishart, 1984) . It is known that ATP is the energy source for the cross bridging of the dynein arms to the actin filaments that are responsible for creating the flagellar movement of spermatozoa (Vernon and Wooley, Points within a dilution factor with different superscripts are significantly different (P < 0.0001 and P < 0.05, respectively). There were no differences in quadratic responses for the internalization of Ca 2+ per billion sperm for semen diluted with seminal plasma or MEM (y = −0.00002x 2 − 0.003x + 0.01, r 2 = 0.99, P < 0.0001 and y = −0.000009x 2 − 0.003x + 0.03, r 2 = 0.99, P < 0.0001, respectively). There was a linear response for semen diluted with saline (y = 0.02x − 0.08, r 2 = 0.99, P < 0.0001). For Na + internalized per billion sperm, the response was quadratic for semen diluted with saline (y = 0.0009x 2 − 0.3x − 0.9, r 2 = 0.85, P < 0.0005), linear for seminal plasma (y = 0.08x + 0.9, r 2 = 0.69, P < 0.002), and nonsignificant for semen diluted with MEM.
1999). In this trial, regardless of diluent type, it appeared that excess ATP was being generated by sperm diluted from 2-to 50-fold. However, for semen diluted ≥50-fold with SP, it appears that sperm no longer have excess ATP; instead, the sperm use this excess ATP. On the other hand, sperm diluted with saline or MEM generated excess ATP at semen dilutions of ≥50-fold. In this trial, semen diluted with SP and MEM exhibited good sperm motility across the dilution rate, with a greater increase in the SQI/million sperm per mL compared with semen diluted with saline. However, sperm diluted with MEM were able to generate excess ATP, regardless of increasing dilution and rate of sperm movement. In this trial, MEM contained glucose (5 mM), which could be converted to energy, whereas SP and saline were virtually free of glucose (<0.1 mM). As a result, sperm diluted with MEM at the higher dilution rates would have more glucose available as an energy source than sperm diluted with saline or SP. In regards to sperm diluted with SP, it is possible that sperm are utilizing fatty acids derived from the SP as an energy source, because the rate of movement of sperm for semen diluted with SP was still much greater than that of semen diluted with saline. It has been reported that excess levels of ATP inhibit sperm motility (Wishart, 1982) . Apparently when optimum ATP levels are exceeded, ATP interferes with the activity of dynein ATPase, resulting in decreased motility (Ashizawa et al., 1998) . Because spermatozoa diluted with saline are generating excess ATP and the rate of sperm movement is declining at the higher semen dilutions, it is possible that this decline in motility is a result of excess ATP. Sexton (1974) reported that chicken sperm are capable of efficiently producing ATP both anaerobically as well as Points within a dilution factor with different superscripts are significantly different (P < 0.05). There were no differences in linear slopes for semen diluted with seminal plasma and MEM (y = 0.005x − 0.3, r 2 = 0.37, P < 0.05 and y = −0.005x − 0.18, r 2 = 0.53, P < 0.01, respectively). There was a cubic response for semen diluted with saline (y = −0.000004x 3 + 0.001x 2 − 0.08x + 0.06, r 2 = 0.78, P < 0.01). For Cl − there was no relationship between diluent and dilution rate for semen diluted with saline. There was a quadratic relationship for semen diluted with seminal plasma (y = 0.003x 2 − 0.53x + 4.5, r 2 = 0.71, P < 0.007) and a linear relationship for semen diluted with MEM (y = 0.15x − 3.6, r 2 = 0.84, P < 0.0001).
aerobically. It appears that when semen is ejaculated from the rooster it is in an anaerobic state because, in this study, there was no free O 2 available in neat semen. It is known that metabolic changes occur when semen is diluted, especially in the uptake of O 2 by spermatozoa (Rowell and Cooper, 1960) . At higher semen dilutions, sperm motility increased, as did the use of O 2 . It has been reported that the amount of O 2 available in diluted semen samples affects sperm motility (Nevo, 1965) , and in this trial the amount of O 2 available from each diluent type increased as dilution rate increased. It appears that there is some use of O 2 at the lower semen dilutions, regardless of the diluent type used, and that ATP is being generated at the lower dilutions. Even though MEM contains glucose, there were no differences between diluent types for O 2 use until semen was diluted 150-fold and greater. The findings for MEM were similar to those of Scott et al. (1962) who reported that the metabolism of glucose by spermatozoa only slightly affected O 2 use. In the current study, at semen dilutions of 150-fold and greater, there was less use of O 2 for sperm diluted with MEM compared with sperm diluted in SP. These findings are similar to those reported by Nevo (1965) . He found that the addition of glucose to sperm had no effect on the O 2 uptake of sperm. In addition, Blesbois and de Reviers (1992) reported that avian sperm diluted with SP had increased sperm motility as well as increased respiration. Interestingly, sperm diluted in SP used O 2 and ATP in a similar linear fashion. It appears that the use of O 2 parallels the use of ATP when sperm are diluted in SP. In fact for SP, O 2 use was strongly correlated with ATP use. However, the use of O 2 for sperm diluted with saline or MEM was much less than that of sperm diluted with SP, and this use appears to plateau for sperm diluted 100-fold or more with saline or MEM. Apparently, sperm diluted with saline or MEM are able to efficiently generate ATP without the use of much O 2 . However, for sperm diluted in saline, sperm motility declined when semen was diluted more than 100-fold, and the amount of ATP generated and O 2 used plateaued at these dilutions. It is apparent that the O 2 available from each of the diluent types is being used to synthesize ATP and increase sperm motility. Also, pH may have an effect on O 2 use. In turkeys, O 2 uptake has been shown to increase as the pH increased from 7.3 to 7.8 (Pinto et al., 1984) . In this trial, the pH of SP was higher than that of saline. This could explain why O 2 use was higher for sperm diluted with SP vs. sperm diluted with saline.
Notably, the relationship of CO 2 generated was similar to that of O 2 use. When comparing the amount of CO 2 generated with increasing dilution rate, there are significant differences in the rate of generation between diluent types. Sperm diluted in SP generated CO 2 and used O 2 at a faster rate as dilution increased than sperm diluted with MEM or saline. For O 2 , these findings are similar to those reported by Ashizawa and Okauchi (1984) . They found that as the amount of SP increased, sperm motility and O 2 consumption also increased. For sperm diluted in SP and MEM, the production of CO 2 and use of O 2 had similar linear responses to dilution. Because the rate of sperm motility increased over dilution, it is apparent that the vigorous movement of sperm resulted in increased CO 2 production as well as O 2 use as was shown by the strong correlation between sperm motility and O 2 use ( Figure 5) .
As with the SQI/million sperm pet mL, ATP generated/ billion sperm, and the amount of CO 2 generated, diluent type differences for the internalization of Ca 2+ , Na + , K + , and Cl − also occurred when semen was diluted 50-fold and greater. In this trial, sperm diluted with saline actually internalized Ca 2+ and externalized Na + vs. sperm diluted in SP or MEM. Intracellular Ca 2+ levels regulate sperm motility and respiration because high intracellular concentrations of Ca 2+ result in increased motility (Ashizawa et al., 1992) . Also, it has been reported that the loss of intracellular contents, such as Ca 2+ , results in poor motility (Mann and Lutwak-Mann, 1981) . Apparently because semen diluted with saline is internalizing Ca 2+ , the intracellular concentration of Ca 2+ must be low resulting in lower sperm motility when compared with sperm diluted in SP or MEM. The sperm diluted with saline must have internalized Ca 2+ available from SP that was transferred during dilution because there was no Ca 2+ present in the saline diluent. Because the generation of ATP is stable over dilution for sperm diluted in saline, it is possible that the internalization of Ca 2+ and externalization of Na + is not a result of the Ca 2+ ATPase pump. Instead, this movement could be the result of a Ca 2+ /Na + antiporter system (Thomson and Wishart, 1991; Ashizawa et al., 1992 Ashizawa et al., , 1994 . In fact, an inverse relationship between Ca 2+ and Na + internalization was noted in the present trial as semen was diluted. For sperm diluted with SP and MEM, Ca 2+ was externalized and Na + was internalized resulting in good sperm motility over semen dilution. Possibly the intracellular concentration of Ca 2+ was high in semen diluted with MEM and SP leading to the efflux of Ca 2+ . Apparently the ion gradient for sperm diluted with MEM is also maintained by an antiporter system because the generation of ATP over dilution is stable for MEM as well as for saline.
It is known that intracellular K + concentrations are higher than extracellular levels (Mann and Lutwak-Mann, 1981) . In this trial, there was a linear decline with increasing dilution for the internalization of K + by sperm diluted with MEM. When semen was diluted with saline and SP at dilutions of 100-fold and greater, the sperm began to internalize K + . However, for each diluent type, K + was externalized until semen was diluted 100-fold. According to Wishart (1984) , during anaerobic incubation, sperm intracellular K + concentration declines. Therefore, it is likely that the lower O 2 concentration seen in the dilutions less than 100-fold may have resulted in lower intracellular K + concentrations due to externalization of K + . In this study, there was a cubic response to dilution for the internalization/externalization of K + as well as O 2 use for sperm diluted with saline. For sperm diluted with MEM and SP, there were linear responses to dilution for the internalization/externalization of K + and similar linear responses for the use of O 2 . These results are comparable with those reported by Lake (1966) in which K + had a direct effect on the uptake of O 2 by sperm, thus influencing sperm motility.
It has been reported that the concentration of Cl − is higher in SP compared with the intracellular concentrations found within the sperm (El Jack and Lake, 1969 ). In the current study, there was no effect due to rate of dilution for Cl − when semen was diluted with saline. However, there was a linear increase in the internalization of Cl − when sperm were diluted with MEM. Apparently, sperm diluted in MEM must internalize Cl − to maintain optimum sperm motility as dilution increases. Externalization of Cl − occurred for sperm diluted in SP. This difference in Cl − internalization among diluent types is likely due to the lower Cl − content of SP compared with MEM and saline. This research has shown the effect that semen dilution has immediately on the metabolism of ATP, as well as O 2 , CO 2 , and ion concentrations involved with sperm motility. Because semen diluent type and dilution rate influence sperm motility and metabolism immediately following dilution, it is imperative that semen is not overdiluted before analysis when using computerized sperm analysis systems and semen tests that measure sperm motility. This research has revealed that sperm motility not only differs due to diluent type but that dilution factor also affects the rate of sperm movement. Whenever possible, chicken sperm should not be diluted more than 12-fold, to minimize the "dilution effect" caused by diluent type and rate of dilution.
In conclusion, when undiluted broiler breeder semen is ejaculated, there is no free oxygen present. It is apparent that as the concentration of O 2 increases immediately with dilution, there is a rapid increase in sperm motility. This immediate change in sperm motility is most likely due to the metabolism of ATP, use of O 2 , generation of CO 2 , as well as the internalization or externalization of Ca 2+ , Na + , K + , and Cl − . Because sperm metabolism and rate of movement are altered by higher semen dilutions, the SQI is most predictive of fertility when semen is diluted no more than 10-fold before analysis.
